Trichloroethylene (TCE) has been widely used as a degreasing agent in many manufacturing industries. Recently, the International Agency for Research on Cancer presented "sufficient evidence" for the causal relationship between TCE and kidney cancer. The aim of this study was to review the epidemiologic evidences regarding the relationship between TCE exposure and kidney cancer in Korean work environments. The results from the cohort studies were inconsistent, but according to the meta-analysis and case-control studies, an increased risk for kidney cancer was present in the exposure group and the dose-response relationship could be identified using various measures of exposure. In Korea, TCE is a commonly used chemical for cleaning or degreasing processes by various manufacturers; average exposure levels of TCE vary widely. When occupational physicians evaluate work-relatedness kidney cancers, they must consider past exposure levels, which could be very high (>100 ppm in some cases) and associated with jobs, such as plating, cleaning, or degreasing. The exposure levels at a manual job could be higher than an automated job. The peak level of TCE could also be considered an important exposure-related variable due to the possibility of carcinogenesis associated with high TCE doses. This review could be a comprehensive reference for assessing work-related TCE exposure and kidney cancer in Korea.
Introduction
Trichloroethylene (TCE) has been widely used as a degreasing agent in many manufacturing industries (i.e., metal processing or electronic device production) due to its lipid solubility, volatility, no flammability, and economic efficiency [1] . TCE is a well-known carcinogen according to animal studies. The reactive metabolites of the glutathione pathway and the oxidation process of TCE could have carcinogenic effects in kidney and liver or lung, respectively [2] .
Recently, the International Agency for Research on Cancer (IARC) categorized TCE as a Group 1 carcinogen and stated that there is "sufficient evidence" for the causal relationship between TCE and kidney cancer [3] . According to increasing epidemiologic evidences, the first work-related case of kidney cancer in Korea was reported in 2013 [4] . TCE is still widely used as degreasing or cleansing agents and high exposure levels of TCE could be prevalent in Korea. Moreover, the prevalence or incidence of target cancers associated with TCE (i.e., kidney cancer) has rapidly increased in the Korean population [5] .
The aim of this study was to review the epidemiologic evidences regarding the relationship between TCE exposure and kidney cancer in the working population in Korea.
Review

Incidence and risk factors of kidney cancer
According to the national cancer statistics, the agestandardized incidence rate of kidney cancer per 100,000 persons increased from 3.1 in 1999 to 3.5, 4.9, 5.4, 7.3, and 8.0 in 2002, 2005, 2006, 2010 , and 2011, respectively. Kidney cancer had the third most rapid increase (6.2%), following thyroid (23.7%) and prostate (13.5%) cancers; but the incidence of esophageal, stomach, laryngeal, and cervical cancers decreased from 1999 to 2011. The annual percentage change over time, expressed as (exp(b) − 1) × 100, where b was the estimated slope of a linear regression from a logarithmic scaled agestandardized incidence rate and calendar year, was statistically significant in both genders. In 2011, the crude incidence rate of kidney cancer per 100,000 men was 10.9 (2,722 cases), which was the 9 th most common cancer among Korean men, following cancers of the stomach, colon or rectum, lung, liver, prostate, thyroid, bladder, and pancreas (Table 1 ). The incidence of kidney cancer increased with age, but the incidence was found to be the highest for people ≥70 years, which was 44.5/100,000 for men and 16.5/ 100,000 for women (Table 2 ) [5] . The subtypes of renal cell cancer (RCC) were divided into the clear cell type, papillary type, chromophobe type, and collecting duct type. Currently, there is limited evidence to indicate that occupational risk factors increase RCCs of a specific subtype.
The risk factors for RCC include smoking, obesity, a past history of renal stones [6] , and the presence of a genetic mutation known as Von Hippel-Lindau syndrome, which is present in 1/3~1/2 patients [7] . Various metals (i.e., arsenics, cadmium, lead, or uranium), poly-aromatic hydrocarbons, solvents (i.e., chlorinated hydrocarbons), and asbestos have been considered as occupational risk factors for RCC in several studies [8] . According to the IARC, TCE has sufficient evidence while arsenic and inorganic arsenic compounds, cadmium and its compounds, and printing processes have limited evidences for kidney cancer in humans [8] .
Occupational exposure of trichloroethylene in Korea Work environment survey in manufacturers in 2004
According to work environment survey for manufacturers, the annual amount of TCE usage was 7849 tons; 1982.4 tons by manufacturers of motor vehicles, trailers and semitrailers, 1085.9 tons by manufacturers of fabricated metal products, except machinery and furniture, 1056.4 tons by manufacturers of electric components, computer, radio, television, and communication equipment and apparatuses, and 483.8 tons by manufacturers of machinery and equipment. TCE was mostly used as a cleaning agent. About 5,949 workers in 1,540 companies could have been exposed to TCE during production processes in 2004 [9] .
A survey on the status of using trichloroethylene After 2 employees had died from Steven Johns syndrome related to TCE exposure in 2006, a survey on the distribution and usage of TCE was conducted using a database to work environment monitoring of the representative 103 companies. TCE was mostly used by manufacturers of motor vehicle and engine parts and accessories (23,920 L). The personal ambient exposure levels in this survey ranged from non-detectable (ND) to 49.87 ppm. The range of ambient exposure level of TCE was ND~49.87 ppm in manufacturers of motor vehicle and engine parts and accessories, 0.08~41.55 ppm in manufacturers of electric components, computer, radio, television, and communication equipment and apparatuses, and ND~30.80 ppm in manufacturers of fabricated metal products, except machinery and furniture (Table 3) . Workers engaging in manual tasks or semi-automated processes were more frequently exposed to TCE than those who worked with automated processes (87% vs. 13%) [10] .
Work environment monitoring
The analysis of ambient exposure levels (time weighted average (TWA) from 8 hours) of TCE from the work environment monitoring (WEM) in the manufacturing industries conducted by private occupational health organizations during 2002-2010 is shown in Table 4 . A total of 33,652 samples were analyzed and we reclassified the task categories to 22 from 537. The range of the geometric mean (GM) was 0.00015~0.25311 ppm. The exposure level of TCE was highest during plating (0.25311 ppm), followed by cleaning (0.16013 ppm) and degreasing (0.04185 ppm). The highest exposure level of TCE by personal sampler was 598 ppm for cleaning, followed by 237 ppm for assembly, 154 ppm for coating, 152 ppm for degreasing, and 148 ppm for painting. The median exposure levels of TCE were 3.18 ppm, 2.33 ppm, and 2.01 ppm for plating, cleaning, and degreasing, respectively. As a result, cleaning, degreasing, and plating could be high-risk jobs for TCE exposure.
Reliability of work environment monitoring
Considering the limitation of the reliability or validity of WEM, we analyzed reports from 16 enterprises, which were assessed for the reliability of WEM by the Korea Agency for Occupational Safety and Health for cleaning jobs, which were the most common jobs in 2006. The highest level of TCE exposure was 116.62 ppm in manufacturers of non-metallic mineral products (i.e., press and cleaning), followed by manual cleaning for optic device production (114.41 ppm), degreasing for rubber goods production (88.84 ppm), and cleaning for transport machineries and equipment production (49.86 ppm; Table 5 ).
Peer-reviewed and published papers in Korea
According to peer-reviewed and published papers in Korea, the exposure level of TCE in the period from 1970s' to 1980s' was higher than that in recent periods. [12] . The personal ambient exposure level of TCE for manual cleaning workers was 83.5 ppm and the regional ambient exposure level of TCE for manual polishing workers was 35.5 in 1989. At that time, the percentage of enterprises with ambient exposure levels higher than the occupational exposure limit set by the government (i.e., 75 ppm) was 54.2% in 1989 [13] . The GM of the 8 hours' TWA for degreasing workers was 26 ppm and the range of the exposure level was 1.4~123 ppm. The GM of the 8 hours' TWA for workers who assisted with cleaning was 11 ppm (range = 0.5~59 ppm) in 1994 [14] . In 1994, the GM of the 8 hours' time weighted exposure level of workers using TCE was 9.9~35.3 ppm; 14.2% of workers had exposure levels above the occupational exposure limit set by the government [15] . The exposure level of workers who engaged in semi-automated cleaning was <1 ppm in 1995, but the peak exposure level of TCE (100 ppm) occurred during the replacement of the TCE solution, which was performed once per week. However, the ambient exposure level of TCE for manual cleaning workers was 107 ppm [16] .
Scientific evidences for the causal relationship between trichloroethylene exposure and kidney cancer Meta-analysis
The first meta-analysis was reported in 2011 and included 24 cohort and case-control studies; in the TCE exposed group, the relative risk (RR) was 1.27 and the 95% confidence interval (CI) was 1.13~1.43. The RR of higher exposure group was 1.58 (95% CI = 1.28~1.96) and the strength of association increased in the higher exposure group compared to the lower exposure group [17] . The second meta-analysis, which included 15 cohort and 13 case-control studies, was conducted during 1950~2011 and was published in 2012. In the second analysis, the RR for kidney cancer from the cohort studies, case-controlled studies, and the pooled RR of all studies was 1.26 (95% CI = 1.02~1.56), 1.35 (95% CI = 1.17~1.57), and 1.32 (95% CI = 1.17~1.50), respectively.
The authors of this study concluded that significant and strong associations were consistent among the studies to measure exposure levels and also emphasized the possibility of underestimating risk due to the misclassification of exposure (i.e., exposure to TCE was usually broadly measured with exposure to chlorinated hydrocarbon or other organic solvents) [18] . This was a reasonable conclusion considering that differences in carcinogenicity among halogenated hydrocarbons; unsaturated shortchain halogenated hydrocarbons were identified to have carcinogenic effects in animal studies. TCE, an unsaturated short-chain hydrocarbon, has carcinogenic effects, but trichloroethane, which is similar to TCE in chemical structure, is saturated and is not carcinogenic [19] .
Cohort studies
Most studies regarding the association between TCE exposure and kidney cancer were conducted in aerospace workers in the United States and Demark by measuring their exposure level using a job-exposure matrix (JEM) based on the job name or code. Zhao et al. reported a significant RR (4.90, 95% CI = 1.23~19.60) of incidence in only the high exposure group, which consisted of 
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,049 male aerospace workers who work for >2 years during 1950~1993 and were followed during 1988~2000 [20] . In manual workers who worked >5 years and used TCE in Denmark, the RR was 1.5 (95% CI = 1.1~2.2) [21] . Although the RRs in the early cohort study [22] and other subgroups in the same cohorts were statistically insignificant, the dose-response relationship between the risk for kidney cancer and TCE exposure was also identified (Table 6 ) [20] [21] [22] [23] . Inconsistencies in the results from the cohort studies could be due to risk underestimation (i.e., nondeferential misclassification of exposure). Most of the authors of the cohort studies measured exposure-related variables using the JEM, which is a type of ecological exposure indicator, and assumed that the exposure level would be consistent for the same job. These inconsistencies could lead to the misclassification of exposure and decreased statistical power in their results.
Case-control studies
The main results of the case-control studies are presented in Table 6 . According to the case-control studies, consistent associations and dose-response relationships were observed after adjusting for various confounding variables. A review of the classification of exposure levels in individual research papers was important to fully evaluate work-related TCE exposures. According to a recent study by Moor et al., the risk of kidney cancer in the exposure group was twice as high as the nonexposure group. A dose-response relationship was identified in this study; the odds ratio (OR) of the exposed group <13.5 years was 1.89 (95% CI = 0.84~4.28) and ≥13.5 years was 2.25 (95% CI = 0.95~5.29). If the total exposure time was <1080 hours, the OR of the exposed group was 1.22 (95% CI = 0.48~3.12); if the exposure time was ≥1080 hours, the OR was 2.86 (95% CI = 1.31~6. 23 ). An exposure time of 1080 hours is about 27 Semi-quantitative cumulative TCE exposure and presence/absence of peak TCE exposure assigned to subjects using a JEM designed using information obtained from questionnaires and routine atmospheric monitoring of workshops or biological monitoring (U-TCA) of workers carried out since the 1960s. The cumulative exposure levels of TCE were divided into the following 3 groups: low exposure group (1~155 ppm·year), medium exposure group (155~355 ppm·year), and high exposure group (>335 ppm·year). The ORs were determined to be 3.34 (95% CI = 1.27~8.74), 1.03 (95% CI = 0.29~3.70), and 0.85 (95% CI = 0.10~7.41) in the high, medium, and low exposure groups, respectively. Peak exposure was defined as being exposed to 200 ppm of TCE for >15 minutes. The OR for peak exposure was 3.80 (95% CI = 1.27~11.40) [25] .
In an earlier case-control study, Brüning et al. evaluated occupational exposure levels of TCE in 134 kidney cancer cases and 401 controls from 1992~2000; the OR of the exposed group was 1.80 (95% CI = 1.01~3. 20) , and the OR of workers involved with cutting and cleaning was 5.57 (95% CI = 2.33~13.32). The OR of the exposure group <10 years, 10~20 years, and >20 years of exposure was 3.78 (95% CI = 1.54~9.28), 1.80 (95% CI = 0.67~4.79), and 2.69 (95% CI = 0.84~8.66), respectively [26] . Pescht et al. also presented statistically significant increase of OR [27] .
In some studies, the possibility of a high-dose phenomenon or genetic sensitivity related to TCE exposure and the risk of kidney cancer has been reported. Therefore, renal tubule toxicity would be more important than genetic toxicity for carcinogenesis. A history of peak exposures was the most important variable related to exposure in another study [28] . The presence of a genetically susceptible population for which the glutathione S-transferase theta 1 enzyme was active has also been reported in a case-controlled study [24] .
Conclusion
The association between TCE exposure and kidney cancer should be definite according to epidemiologic studies. Although the findings from the cohort studies were inconsistent, the results from the case-control studies were consistent. Considering the limitations of cohort studies and the low prevalence of kidney cancer in those studies, the results of the well-designed case-control studies could be more useful for evaluating the causal association between TCE exposure and kidney cancer risk. The study subjects of the cohort studies were restricted to a few jobs or industries (i.e., aerospace workers or workers using TCE in the United Sates and Denmark) and exposure levels were measured based on the JEM, which can possible lead to the misclassification of exposure. According to the results from the metaanalyses and case-control studies, an increased risk for the exposure group and a dose-response relationship was identified using various exposure measures, such as cumulative exposure level, exposure duration, peak exposure, or JEM. Therefore, the epidemiologic evidence for the causal relationship between TCE exposure and kidney cancer could be sufficient.
In Korea, TCE remains a widely used chemical by various manufacturers. Occupational physicians should remember that past exposure levels of TCE could have been very high in patients when evaluating work-related causes of kidney cancer. TCE exposure levels have been as high as >100 ppm in some studies; plating, cleaning, or degreasing were common high-risk jobs for TCE exposure. Furthermore, the exposure level for manual jobs could be higher than automated jobs. The peak exposure level of TCE could also be considered an important variable due to the possibility of carcinogenesis, which is related to high dose phenomenon.
In summary, TCE is a widely used chemical and the incidence of kidney cancer has increased with the development of novel diagnostic techniques. Therefore, the construction of a JEM, case-control studies to evaluate risk factors associated with TCE exposure, and proper preventive policies are necessary. This review could be a comprehensive reference for evaluating the relationship between work-related TCE exposure and kidney cancer in Korea.
